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We present a new technique to directly reconstruct the spectra of νµ, ντ , ν¯µ, and ν¯τ from a
supernova, using neutrino-proton elastic scattering events (ν + p→ ν + p) at scintillator detectors.
These neutrinos, unlike νe and ν¯e, have only neutral current interactions, which makes it very
challenging, with any reaction, to detect them and measure their energies. With updated inputs
from theory and experiments, we show that this channel provides a robust and sensitive measure of
their spectra. Given the low yields and lack of spectral information in other neutral current channels,
this is perhaps the only realistic way to extract such information. This will be indispensable for
understanding flavor oscillations of SN neutrinos, as it is likely to be impossible to disentangle
neutrino mixing from astrophysical uncertainties in a SN without adequate spectral coverage of all
flavors. We emphasize that scintillator detectors, e.g., Borexino, KamLAND, and SNO+, have the
capability to observe these events, but they must be adequately prepared with a trigger for a burst
of low-energy events. We also highlight the capabilities of a larger detector like LENA.
PACS numbers: 13.15.+g, 97.60.Bw
I. INTRODUCTION
The detection of neutrinos from a core-collapse super-
nova (SN) is the key to understanding SNe and neutrino
properties. The fact that SNe emit all six flavors of
neutrinos and antineutrinos, with average energies that
depend on their different cross sections, offers a rich
potential to reveal the detailed properties of the proto-
neutron star. And the fact that these extreme conditions
can lead to strong neutrino mixing may amplify the
effects of neutrino properties too subtle to be seen in the
laboratory. However, to fully separate and identify the
astrophysical and particle physics effects, all the flavors
must be detected and their spectra measured. While
SN 1987A provided evidence of the expected strong
neutrino emission from a core-collapse supernova [1, 2],
only ∼ 20 ν¯e events were detected, allowing only modest
precision in the spectrum measurement and no clear
evidence of what mixture of the initial ν¯e and ν¯µ/ν¯τ led
to the received ν¯e [3–6].
It will be challenging to experimentally measure and
theoretically interpret supernova neutrino data. The
prospects for success depend crucially on the values of
the emission parameters and especially on the differences
between flavors, e.g., their average energies. Compared
to a decade ago, it is now widely thought that the
average energies and the differences between flavors
are both less [7–9] (see [10, 11] for reviews), which
reduces the expected numbers of events and the effects of
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neutrino mixing, making the challenges greater. Further,
there is now an appreciation that neutrino mixing
is much more complicated due to neutrino-neutrino
interactions [12–25] (see [26] for a review), making the
importance of high-statistics measurements with flavor
and energy dependence even greater.
It is likely that a Milky Way supernova will occur
in the coming decades, and it is exceedingly important
that we are prepared to capture the most detailed data
possible. Present detection capabilities are much better
than for SN 1987A, and the likely supernova distance
much closer, so a large detected yield is expected. The
ν¯e spectrum will be measured in Super-Kamiokande and
other detectors with ∼ 104 events. The νe spectra could
be measured well in one of the proposed liquid Argon
detectors. For these flavors, there are charged current
detection channels with large cross sections and good
spectral fidelity.
The other flavors, νµ, ντ , ν¯µ, and ν¯τ , collectively called
νx and assumed to be similar, while harder to measure,
are especially important because they constitute the
bulk of the emission and drive neutrino mixing effects.
Because the charged current channels are energetically
forbidden, detection depends on the smaller neutral
current cross sections; this is partially compensated by
the correspondingly higher emitted average energy and
the four flavors. The most serious difficulty is separating
these events from other channels and measuring their
spectrum without having charged leptons in the final
states.
The larger the average energies of all flavors and their
spectral differences, the easier it is to measure νx spectra.
Ideally, the charged current channels would show two
distinct spectral components, due to mixing. However,
on the basis of SN 1987A data and contemporary
supernova simulations, this seems unlikely. Some neutral
2current channels, e.g., those on 12C and 16O, lead to the
emission of gamma rays with energies characteristic of
the nuclei and not the incident neutrinos [27, 28]. The
yields are low for what now appear to be reasonable
average energies, and sensitivity to the assumed average
energy is degenerate with uncertainties in the total flux
and the nuclear cross sections. Neutral current neutrino-
electron elastic scattering does yield spectral information,
but it is very difficult to isolate these events from charged
current events in this and other channels.
As a solution to these problems, Beacom, Farr, and
Vogel (BFV) pointed out that neutrino-proton elastic
scattering (ν + p → ν + p) in scintillator detectors
could give a large yield of separable νx events with
spectral information, provided that the low-energy de-
tector backgrounds are low enough [29]. Fairly opti-
mistic assumptions about the properties of then-future
detectors and the νx average energy were required. This
detection reaction mainly probes high neutrino energies,
so it is important to ask if it is viable with the known
capabilities of present detectors and the lower average
energies assumed today.
We show that this technique is indeed viable with
realistic inputs and in fact is essential to adequately
understand supernova emission and neutrino properties,
especially in light of collective oscillation effects [26].
We provide new detailed calculations with contemporary
inputs for several detectors: the presently-running Borex-
ino and KamLAND, the near-term SNO+, and the much
larger proposed LENA. These results are needed so that
the experiments have triggers in place that will ensure
that this data is not missed, and to show how to interpret
the signals. Most importantly, we develop a new method
to directly invert the measured proton spectrum for the
unknown νx spectrum, allowing one to go beyond the
thermal spectra assumed by BFV.
The outline for this paper is as follows. In Sec. II,
we discuss why learning about SN neutrino spectra is
a complicated problem, and how measuring ν–p elastic
scattering events addresses the issue. In Sec. III, we
review the general framework of ν–p elastic scattering at
scintillators. In Sec. IV, we present the expected signals,
and, in Sec. V, our prescription to reconstruct the νx
spectrum at Earth. We discuss, in Sec. VI, possible
improvements if a larger detector is built. We discuss
phenomenological implications in Sec. VII and conclude
in Sec. VIII.
II. COLLECTIVE NEUTRINO MIXING
Ideally, one would like to determine the SN neutrino
emission parameters, study SN explosion dynamics, and
determine neutrino parameters from a measurement of
SN neutrino spectra. Different aspects of the uncertain
SN astrophysics and neutrino oscillations are coupled due
to the effects of neutrino mixing in dense matter. These
effects can be strong, have a complicated phenomenology,
and are still not completely understood. All this
makes the problem of reconstructing the parameters of
SN emission and neutrino mixing a highly challenging
problem.
While neutrino parameters may eventually be de-
termined from cosmology [30] or oscillation experi-
ments [31], there is no other way to probe SN neutrino
emission or explosion parameters in detail. One needs
measurements of the received neutrino fluxes, which,
when interpreted with guidance from state-of-the-art SN
simulations [10, 11], could reveal important aspects of SN
physics.
This inverse SN neutrino problem was already difficult
in simple neutrino mixing scenarios [32]. However,
there was at least one major simplification. The
flavor evolution did not depend on the initial spectra
themselves, i.e., the Hamiltonian was independent of
the neutrino fluxes. As a consequence, observing the
νx spectra wasn’t necessary for determining the flavor
evolution of νe or ν¯e.
However, it has since been realized that SN neutrinos
are also subject to so-called “collective effects,” due to
neutrino-neutrino forward scattering [12–25]. This is
unavoidable near the SN core, and can lead to large
effects for almost the entire duration of the SN burst.
In the presence of these collective effects, the flavor
histories of all species get coupled to each other along
their trajectory. The evolution depends explicitly on the
flavor-dependent fluxes of the neutrinos. Therefore, to
calculate the flavor evolution of any neutrino flavor in
a SN, one requires knowledge of initial conditions for
all others – a situation fundamentally different from the
older paradigm. However, if one knows the final state
of all species, one can choose possible initial conditions
for the neutrinos, evolve them forward, and check if they
reproduce the final spectra. This allows one to interpret
SN neutrinos. Of course, this bootstrap is meaningful
only if one has a complete characterization of the final
state. Without that, there will be strong degeneracies –
a large suite of initial conditions can produce the same
final spectra for appropriate choice of neutrino and SN
emission parameters, and no firm inference is possible.
In this light, it becomes crucial that all SN neutrino fla-
vors be observed at Earth. This can be achieved through
a detection of ν–p elastic scattering events in addition to
the charged current measurements. Detecting all flavors
would break degeneracies and allow determination of
the primary neutrino spectra. This would also allow
robust analysis of model independent signatures of SN
neutrinos, e.g., to determine neutrino mixing parameters
or probe shockwave dynamics [33, 34]. It is with this
motivation that we study the detection of ν–p elastic
scattering events from SN neutrinos.
3III. GENERAL FRAMEWORK
A core-collapse SN provides a neutrino fluence, i.e.,
time-integrated flux, dF/dE at Earth, spread over an
energy range E ∼ (5− 50) MeV. These neutrinos inter-
act with Np free protons in the detector through neutral
current elastic scattering. The differential cross section
dσ/dT is broad and slightly forward peaked, leading to
proton recoils with kinetic energies T <∼ 5 MeV. Each
recoiling proton, as it is brought to rest, deposits energy
in the scintillator. These protons are slow, so the
scintillated light is quenched, i.e., the number of photons
scintillated corresponds to a lower effective proton recoil
T ′ <∼ 2 MeV. One observes the effective proton spectrum
dN/dT ′, and the objective is to extract the neutrino
fluence dF/dE.
The observed event spectrum due to SN neutrinos is
dN
dT ′
=
Np
dT ′/dT
∫ ∞
Emin
dE
dF
dE
dσ
dT
(E) . (1)
A neutrino of energy E can produce a proton recoil
energy between 0 and Tmax = 2E
2/mp, where mp is
the proton mass. In other words, a minimum neutrino
energy Emin =
√
mpT/2 is needed to produce a recoil
energy T . The recoiling proton is unbound from its atom
and molecule, so that its energy loss in the medium is
dominated by collisions with electrons.
There are three ingredients needed to calculate the
time-integrated SN neutrino event spectrum due to
ν-p elastic scattering at a scintillator detector: (i)
the neutrino fluence dF/dE over the signal duration
∆t, (ii) the cross section dσ/dT , and (iii) detector
specific information, e.g., the number of target protons
Np, quenching function T
′(T ), and energy resolution.
Additionally, the relevant backgrounds over the duration
of the burst are needed to estimate signal significance.
A. SN neutrino fluence
A SN emits a total energy E ≈ 3 × 1053 erg over
a burst of ∆t ≈ 10 s in neutrinos of all six flavors.
The neutrino flavors νµ, ντ , and their antiparticles, have
similar interactions and thus similar average energies
and fluences. Therefore, the total energy is divided as
E = Eνe + Eν¯e + 4Eνx . The various flavors have different
average energies – lowest for νe and highest for νx. The
fluence in each flavor is distributed in energy according
to a normalized spectrum dϕα/dE. A SN at a distance
d from Earth thus provides a neutrino fluence
dF
dE
=
∑
α
dFα
dE
=
1
4pid2
∑
α
Eα
〈Eα〉
dϕα
dE
, (2)
where dFα/dE is the fluence in each flavor. For a
neutral current process, the initial flavor distribution
is not important: only the sum of all active-flavor
neutrinos is relevant. Assuming no active-sterile mixing,
one can ignore subsequent neutrino oscillation effects for
calculating this proton recoil signal.
The parameters of the neutrino fluences are not
known accurately, and the objective is to measure them.
For concreteness, we choose as a nominal spectrum
dϕα/dE = (128/3) (E
3/〈Eα〉4) exp(−4E/〈Eα〉). This is
one variant of the Keil parametrization for the spec-
trum [35], and is normalized as
∫
dE dϕα/dE = 1. The
fluence in each flavor is then
dFα
dE
=
2.35× 1013
cm2MeV
· Eα
d2
E3
〈Eα〉5 exp
(
− 4E〈Eα〉
)
. (3)
In the last expression, Eα is in 1052 erg, d is in 10 kpc,
and energies are in MeV. For the numerical evaluations,
we take a representative supernova at the Galactic center
region at d = 10 kpc, with a total energy output of 3 ×
1053 erg equipartitioned in all neutrino flavors, i.e., Eα =
5× 1052 erg for each of the 6 flavors. Further, we choose
〈E〉 to be 12 MeV for νe, 15 MeV for ν¯e, and 18 MeV
for the 4 other flavors represented by νx, respectively.
We show, in Sec. IV, how the proposed measurement is
highly sensitive to SN emission parameters.
B. Detection cross section
The yield from elastic scattering on protons, i.e.,
ν + p→ ν + p (any flavor) . (4)
is comparable to that of inverse-beta reactions (ν¯e+ p→
e+ + n). The total cross section is about a factor of four
smaller, but this neutral current channel couples to all
active flavors of ν and ν¯, as opposed to only ν¯e. The
crucial difference is that the elastic scattering events are
at low quenched energies T ′ <∼ 2 MeV, and one needs a
significantly low threshold to detect these events [29].
The differential cross section dσ/dT for a neutrino of
energy E to produce a proton recoil of kinetic energy T ,
to zeroth order in E/mp, is given by [29, 36]
dσ
dT
=
G2Fmp
pi
[(
1− mpT
2E2
)
c2v +
(
1 +
mpT
2E2
)
c2a
]
=
4.83× 10−42 cm2
MeV
·
(
1 + 466
T
E2
)
, (5)
where T and E are in MeV and we have used mp = 938
MeV, cv = 0.04, and ca = 1.27/2 [29]. The recoil
kinetic energy is minimum, T = 0, for a grazing collision,
and maximum, Tmax, when the neutrino momentum is
reversed. The cross section rises linearly by a factor
of ∼ 2 over this allowed range of recoil energies T =
(0−Tmax), i.e., higher recoil energies are preferred. Note
that the recoil direction cannot be measured, due to
the isotropic emission of scintillation light, so one can
determine the energy of the neutrino using the recoil
4TABLE I: Detector properties, i.e., number of free proton targets (Np), Birks constant (kB), and energy resolution (∆T
′/T ′),
and signal yields above 0.2 MeV for the large scintillator detectors considered here. Note that the Birks formula for quenching
in the KamLAND detector includes the quadratic correction, while others do not.
Detector Mass Chemical composition Np kB ∆T
′/T ′ Signal Yield
[kton] (rounded to nearest %)
[
1031
]
[cm/MeV] (T ′ in MeV) (T ′ >0.2 MeV)
Borexino 0.278 C9H12 1.7 0.010 4.5%/
√
T ′ 27
KamLAND 0.697 C12H26(80%v/v)+C9H12(20%v/v) 5.9 0.0100 6.9%/
√
T ′ 66
SNO+ 0.800 C6H5C12H25 5.9 0.0073 5.0%/
√
T ′ 111
energy only on a statistical basis. The cross section
for antineutrinos is slightly different, but in practice
this difference is negligible at SN neutrino energies [29].
These differences due to weak magnetism corrections
almost cancel between neutrinos and antineutrinos, and
become only important when average neutrino energies
are >∼ 30 MeV [29], so we ignore them in our analysis.
C. Detector response
We estimate the number of free proton targets using
the fiducial mass and composition as
Np = NAM
∑
i
wi fi
mi
,
= 6.02× 1032 ·M
∑
i
wifi
mi
, (6)
where the fiducial detector mass M (in ktons) is com-
posed of different components i with weight fractions wi,
molecular weightsmi (in a.m.u), each contributing fi free
protons per molecule, and NA is the Avogadro number.
A proton with recoil energy T loses energy by repeat-
edly colliding with electrons in the detector material.
The rate of energy loss is predicted to be approximately
∝ 1/T by Bethe theory [37]. The energy loss rate is
about (103–102) MeV/cm for the considered range of
recoils with T = (1 − 5) MeV, which is much more
than the typical 2 MeV/cm for a relativistic electron
in a carbon target. Also, protons have velocities in
the range β = (0.03–0.07), which at the lower end are
comparable to atomic electron velocities and the Bethe
approximation is no longer valid (see [38] for details).
These subtleties are accounted for by using accurate
numerical tables for 〈dT/dx〉 taken from the PSTAR
tables at http://physics.nist.gov. Similar data is
also available at http://srim.org.
The energy loss on hydrogen targets is significantly
larger (almost a factor of 2) than that on carbon, so we
account for the composition of each detector and add the
〈dT/dx〉 for protons on carbon and hydrogen targets in
the ratio of their weights in the detector.
While all the recoil energy is deposited in the detec-
tor, only part of it leads to scintillation light. This
“quenching” is an important effect because the proton
is slow. The quenching function T ′(T ) maps a recoil
kinetic energy of the proton T to an electron-equivalent
quenched kinetic energy T ′ as
T ′(T ) =
∫ T
0
dT
1 + kB〈dT/dx〉 , (7)
where kB is Birks constant [39]. This parametrization for
the quenching function is approximate. An additional
term in the denominator, C〈dT/dx〉2, is sometimes
included to achieve a better fit to data [40]. For a typical
Birks constant of 0.01 cm/MeV, there is no quenching
when 〈dT/dx〉 ≪ 100 MeV/cm. Whereas for 〈dT/dx〉 ≫
100 MeV/cm, the light yield is quenched.
Although the relationship between T and T ′ is non-
linear, it is one-to-one and can be calibrated accurately.
For typical parameter values noted above, the highest
recoil energies T ∼ 5 MeV are quenched by a factor
T/T ′ ∼ 2, whereas at T ∼ 1 MeV, the quenching
factor is ∼ 5. Clearly, quenching affects the recoil
spectrum and the number of signal events above a given
threshold. See BFV [29] for details. Of the detectors we
consider, KamLAND has published its quenching factor
including the quadratic correction, while Borexino and
SNO+ quote their Birks constant, or equivalent.
The energy resolution of the detector depends on the
number of detected photoelectrons per unit energy, i.e.,
dnpe/dT
′. Assuming dnpe/dT
′ to be almost constant
in the relevant regime, one gets 〈dnpe/dT ′〉T ′ hits at
energy T ′. In the limit of large number of photoelectrons,
their Poisson fluctuations are well approximated by a
Gaussian, which leads to an energy resolution
∆T ′/T ′ = 1/
√
〈dnpe/dT ′〉T ′ . (8)
The yield is 〈dnpe/dT ′〉 ≈ few hundred detected pho-
toelectrons/MeV, leading to a resolution ∆T ′/T ′ better
than 10% in the relevant energy range above 0.2 MeV.
We simulate the energy resolution by smearing the signal
locally at each energy with a Gaussian of width given by
the energy resolution.
5D. Backgrounds
The backgrounds at a scintillator detector can arise
from either steady detector backgrounds, or a variety of
other charged/neutral current signals due to the SN itself.
Cosmic ray induced backgrounds are very small over
the relevant times [29], and the most important steady
backgrounds come from radioactivities in the scintillator
and surroundings. Of these, the most obvious is β-
decays of 14C that produce a high rate of electrons below
0.2 MeV. This is a common background at all carbon-
based scintillators, and sets a threshold, below which
the signal is almost completely background dominated.
Pulse shape discrimination may be used to reject this
background and lower the threshold, probing lower
energy neutrinos and greatly enhancing the yield, but
we do not assume that here.
Above 0.2 MeV, most background events are due to α-
decays of 210Po in the energy range T ′ = (0.2–0.5) MeV.
In their common quest to detect solar neutrinos, all
the detectors we consider have purified their scintillator
to similar levels, and the 210Po rates are similar and
manageably small. This background has been measured,
including its spectral shape, and can be subtracted
statistically or by pulse shape discrimination.
Charged current signals from SN neutrinos that could
be important backgrounds at these energies are either
small, or can be tagged and subtracted [29]. Other
neutral current channels, i.e., reactions on 12C, have a
high energy threshold [29] and are disfavored, relative
to BFV [29], in the light of low average neutrino energies
that are preferred by state-of-the-art simulations [10, 11].
Further study of the inelastic neutral current channels are
needed [29]. Elastic scattering events on carbon nuclei
are heavily quenched and and unobservable at present
detectors [29]. Finally, elastic scattering on electrons has
a small rate and produces larger recoil energies.
Consequently, we can use an almost universal descrip-
tion of the detector backgrounds for the SN burst signal –
a sharp threshold at T ′ ∼ 0.2 MeV, and a well understood
reducible background above threshold. This was hoped
for in BFV, and it is remarkable that it has been achieved
in working experiments.
IV. DETECTED SIGNALS
We consider the large scintillator detectors, i.e., Borex-
ino and KamLAND, which are already available now,
and SNO+, which should be operational shortly. For
each of these detectors, we need to know three relevant
quantities: (i) the number of free proton targets Np,
(ii) Birks constant kB, and (iii) the energy resolution
∆T ′/T ′. The values of these detector parameters are
summarized in Table I.
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FIG. 1: Galactic SN neutrino-proton elastic scattering event
spectrum at Borexino. The dashed vertical line at 0.2 MeV
shows the threshold used.
A. Signals
With these detectors, the expected neutrino signals in
the ν–p elastic scattering channel are shown in Fig. 1
for Borexino, in Fig. 2 for KamLAND, and in Fig. 3 for
SNO+. We find that all three detectors can detect a
significant number of events, i.e., ∼ 100/kton, with a
modest number of background events, above 0.2 MeV.
We have checked that our results agree in detail with
BFV [29] when identical inputs are used. Note that most
of the signal in the ν−p elastic scattering channel comes
from the hotter νx flavors. This is partly due to their
average energies being higher than those of νe and ν¯e,
and partly because there are 4 flavors that contribute
to the signal. Also note, as an interesting aside, that
the total yield with zero threshold is about ∼ 500/kton,
similar to the ν¯e yield from inverse beta decays at water
Cherenkov detectors. In the remainder of this section,
we justify our choices for the detector parameters.
Borexino
A SN signal will be localized in time and allow use of
0.278 kton as the fiducial mass [41, 42] instead of the
smaller volume used for solar neutrinos. The detector
material is pseudocumene (C9H12) [43], with a specific
density 0.875. The number of free proton targets is thus
1.7×1031. We could not find a direct published reference
to the Birks constant for the Borexino scintillator.
However, we determine kB = 0.010 cm/MeV using the
available quenching data on protons at Borexino [44],
i.e., protons of energy 8.3 MeV and 4.6 MeV get
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FIG. 2: Galactic SN neutrino-proton elastic scattering event
spectrum at KamLAND.
quenched to 4.1 MeV and 1.86 MeV, respectively and
α particles of 5.4 MeV are quenched by a factor of
13. Note that this is lower than the kB found for
electrons in Borexino [45] because low energy electrons
are quenched more than protons or ions of the same
kinetic energy [46]. About 500 photoelectrons/MeV are
detected at Borexino [47], which sets its energy resolution
to be ∆T ′/T ′ = 4.5%/
√
T ′ (with T ′ in MeV). Finally,
the backgrounds at Borexino at energies below 0.2 MeV,
due to 14C, make events at those energies unusable.
Above that threshold, the background is negligible. It
is comprised of the entire event yield in ∼ 10 s without
a SN burst [47], and there are ∼ 2 background events,
mostly from the 210Po peak.
KamLAND
The Kamland fiducial volume is assumed to be
0.697 kton [48] for a SN burst, corresponding to the
inner 5.5 m sphere of the detector. The detector
material is a mixture of 80% (by volume) of dode-
cane (C12H26) with 20% pseudocumene (C9H12). The
number of free proton targets is thus 5.9 × 1031.
From the observed quenching of protons with recoil
energies (1− 10) MeV, the quenching factor was re-
ported [49] to be1 kB = (0.0100± 0.0002) cm/MeV and
C = (2.73± 0.08)× 10−5 (cm/MeV)2. The energy res-
1 Ref. [49] reports kB in units of g/cm
2/MeV which we have
converted to units of cm/MeV using known specific densities for
dodecane (0.750) and pseudocumene (0.875).
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FIG. 3: Galactic SN neutrino-proton elastic scattering event
spectrum at SNO+.
olution at KamLAND is determined by a photoelectron
yield of 210/MeV, giving ∆T ′/T ′ = 6.9%/
√
T ′ [50]. Note
that these are marginally different from the values in
Ref. [49], for the pre-purification scintillator. Again, the
backgrounds at KamLAND at energies below 0.2 MeV,
due to 14C, make events at those energies unusable.
Above that threshold, the background is comprised of
the entire event yield in the absence of a SN burst [51],
wherein one expects ∼ 31 background events [50],
mostly from the 210Po peak. The background rates
are known very well, and the expected fluctuations in
the background are relatively small (∼ 5 events), so we
expect that these events can be statistically subtracted.
SNO+
The SNO+ fiducial volume is taken to be 0.8 kton.
The detector material is linear alkyl benzene
(C6H5CnH2n+1). The alkyl group typically has a
size n = (10 − 16), and we assume n = 12 for
definiteness and a specific density of 0.86. The number
of free proton targets is thus 5.9 × 1031. In recent
laboratory tests of the detector material, the Birks
constant for the scintillator in SNO+ is reported to be
about 0.0073 cm/MeV [52]. The energy resolution at
SNO+ is expected to be 5.0% at 1 MeV and 3.5% at
3.4 MeV respectively [53], from which we estimate an
energy resolution ∆T ′/T ′ = 5.0%/
√
T ′. These values
could change in the full detector. A measurement of
backgrounds at SNO+ is not available yet, but SNO+
has solar neutrino physics goals that are similar to
Borexino and KamLAND, so we expect that the region
above 0.2 MeV to have similar backgrounds.
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FIG. 4: Sensitivity (defined as fractional change in event yield
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with KamLAND as the detector.
B. Sensitivity and Robustness
We now investigate the expected signal dependence on
different choices of SN neutrino fluence parameters and
detector characteristics. To quantify this sensitivity, we
define S as the fractional change in the event yield for
non-benchmark values for the SN or detector parameters.
In Fig. 4, we show the signal sensitivity to the average
energy of νx, overall shape, and total energy. For these
calculations we have assumed the detector properties to
be that of KamLAND. Using the SN model described
in Sec. III as the benchmark, we show how the signal
varies for (i) a νx average energy 〈Eνx 〉 = 21 MeV or
16 MeV, (ii) a Maxwell-Boltzmann spectrum with the
same average energy 〈Eνx〉 = 18 MeV, and (iii) a higher
or lower νx total energy, Eνx = 1.3 or 0.7 times the
benchmark value. We can see that the expected signal
depends strongly on the average energy or the spectral
shape. This is because the signal is mainly from the
“tail” of the distribution, which is exponentially sensitive
to 〈E〉. The dependence on Eνx , which sets the overall
normalization, is linear, as expected. The yield varies
by a factor of few in the range of SN emission values
commonly predicted from SN theory [10, 11].
In Fig. 5, we show the dependence on relevant detector
characteristics. We choose (i) a higher and lower
quenching, i.e., kB = 0.0102 cm/MeV with C =
2.81 × 10−5 (cm/MeV)2, and kB = 0.0098 cm/MeV
with C = 2.65× 10−5 (cm/MeV)2, respectively, i.e., the
reported range of uncertainty in kB for the KamLAND
scintillator [49], (ii) a worsening of the KamLAND
energy resolution to ∆T ′/T ′ = 10%/
√
T ′. We find
that these uncertainties leads to very small effects on
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FIG. 5: Sensitivity (defined as fractional change in event yield
relative to benchmark values for the KamLAND detector) to
detector parameters for the benchmark SN emission.
the predicted event yield. The signal varies by only a
few percent in the range of uncertainties of the detector
parameters.
We checked the dependence on energy loss rate (not
shown) by using a 1/T fit to the Bethe theory prediction,
instead of accurate numerical tables. Such a naive choice
of 〈dT/dx〉 leads to an erroneously larger yield (∼ 50%
more). It is therefore important that accurate values for
〈dT/dx〉 be used.
It is thus clear that in the range of detector un-
certainties the signal changes by few %, while the
statistical uncertainties with ∼ 100 detected events are
about 10%. The expected signal variation between
allowed SN emission models is much larger, with changes
of up to a factor of two. Therefore this signal can be
expected to identify specific emission scenarios.
V. EXTRACTING THE NEUTRINO FLUENCE
We have shown that the quenched recoil spectrum of
protons due to neutrinos from a SN burst can be reliably
measured at scintillator detectors. The measurement is
almost completely background-free above 0.2 MeV, the
detector properties are well-calibrated, and the energy
resolution doesn’t play a crucial role. The task at hand
is to invert this signal into a measurement of the neutrino
fluence as a function of energy.
One could choose a parametrization for the spectrum
and fit for those parameters using data. Two obviously
interesting quantities are the average energy 〈Eνx〉 and
the total energy Eνx . In BFV, fitting for those parame-
ters, with about ∼ 100 signal events, led to an expected
8precision of about 1/
√
100 ∼ 10%, though the parameters
are correlated [29].
We show here that it is possible to take a more
general approach. One can extract the spectrum non-
parametrically, and the extracted spectrum has high
fidelity to the true spectrum, even for realistic choices
of detector characteristics.
The problem of reconstructing the neutrino spectrum
from the proton recoil spectrum would be quite simple
if there was a known one-to-one relationship between
the recoil energy and the neutrino energy. In that case,
as for inverse-beta events, one could have simply scaled
the observed number of events by the cross section and
detector size, and translated the observed energies T ′ to
neutrino energies using their known relationship.
This does not work for elastic scattering events. The
differential cross section is broad and slightly forward
peaked [29], but the recoil energy T is uniquely related
to the minimum neutrino energy Emin =
√
mpT/2 that
is capable of producing that recoil. Furthermore, T is
related in a unique way to the quenched recoil T ′. So,
having measured T ′, we can uniquely determine T using
the known quenching function T ′(T ), and then T leads to
its corresponding Emin. This allows us to use the recoil
data as a function of quenched recoil energies to extract
the neutrino fluence as a function of neutrino energy E.
A. Inversion recipe
Suppose the quenched recoil data is in a range of
energies which we divide into Nbin bins. We denote
the value of T ′ at the midpoint of each bin by T ′i and
the width of the bin by ∆T ′i , with i going from 1 to
Nbin. Each T
′ is uniquely related to some recoil energy
T = T (T ′) using the inverse of the quenching function.
Each of these recoil energies T in turn are related to a
minimum neutrino energy Ej =
√
mpT (T ′j)/2.
The data is simply the number of observed events Ni
in the ith bin
Ni = ∆T
′
i
(
dN
dT ′
)
T ′
i
. (9)
Using the expression for dN/dT ′, this can be written as
Ni =
Nbin∑
j=1
KijFj , (10)
where
Fj = (dF/dE)Ej∆Ej , (11)
Kij =
{
Np∆T
′
i
(
dT
dT ′
)
T ′
i
(
dσ
dT
)
T ′
i
,Ej
for i ≤ j
0 for i > j
.
Note the upper-triangular form of the matrixKij . This is
because only neutrinos with energy more than
√
mpT/2
are able to produce a proton recoil energy T . We
illustrate the form of Eq. (10) explicitly for Nbin = 3,

N1
N2
N3

 =


K11 K12 K13
0 K22 K23
0 0 K33




F1
F2
F3

 . (12)
It is easy to see how the above equation generalizes to
any number of bins.
Now the extraction of the neutrino spectrum is simply
an inversion of this matrix K. That is, we write
Fj =
Nbin∑
i=1
(K−1)jiNi , (13)
and find the neutrino fluence at the detector dF/dE =
Fj/∆Ej in the energy bin around E = Ej . The inversion
can be done trivially using back-substition, as the matrix
Kij is upper triangular. That is, we can start with
determining the fluence in the highest energy bin and
proceed to lower ones. Again, with Nbin = 3 as an
example, we have
F3 = N3/K33 , (14)
F2 = (N2 − F3K23) /K22 ,
F1 = (N1 − F2K12 − F3K13) /K11 .
It is again easy to see how the above formula generalizes
to any number of bins.
The procedure is unchanged even in the presence
of known backgrounds Bi in each bin, except that,
after the Fi are determined, one would subtract the
expected backgrounds. This subtraction procedure works
to an accuracy ≈ √Bi/(Fi + Bi), i.e., as long as the
backgrounds are small.
There is freedom in the choice of number and width
of bins. The optimal number of bins depends on a
compromise between finer sampling or lower noise in each
bin, subject to the constraint that bins are wider than
the energy resolution. Excessively narrow bins have too
few events and lead to spurious features from noisy data,
whereas excessively wide bins lead to a breakdown of
Eq. (11), which uses a linear interpolation within each
bin. We find that choosing the bins such that the events
are almost equally distributed between them, leads to an
accurate reconstruction.
Finally, a short remark about the stability of our
prescription. Formally, this inversion problem is known
as a Volterra integral equation of the first kind. Volterra
equations are relatively stable, because the kernel Kij
is upper triangular. There is, however, literature on
how to numerically stabilize the matrix inversions, if the
kernel is even mildly singular [54]. As a safeguard against
unphysical artifacts in the reconstructed spectrum, due
to noisy data and possible instability of the inversion
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procedure, the inversion procedure may need to be
regulated. The regulated solution is more stable, and
smoothed over expected statistical fluctuations. For our
purposes, we find that we don’t need a regulator when
we bin the data as above.
B. Numerical example
To demonstrate the viability of this procedure we
generate mock data at the KamLAND detector, using
our benchmark SN model. The data (66 signal events)
falls in the range T ′ = (0.2–5.9) MeV, which we divide
into 8 bins with comparable numbers of events in each
bin. The lower end of the observable range in T ′ is set
by the large 14C background below 0.2 MeV. The upper
end is where the neutrino fluxes become negligible. The
chosen bin widths are significantly larger than the energy
resolution and thus no significant correlation is expected
between bins.
These data, without statistical noise, are shown in
Fig. 6, with the number of events in each bin mentioned
alongside. Expected one-sigma errors in the reconstruc-
tion due to Poisson fluctuations are plotted as error bars.
We have already subtracted the modest backgrounds.
This figure has a logarithmic scale on the abscissa, and
unequally-sized bins. On a linear scale, all the bins would
have comparable areas.
We apply our inversion procedure to the mock data
and recover the total fluence dF/dE. We assume that
the ν¯e contribution will be known accurately using the
data from the inverse-beta channel, while νe events are
negligible. Thus, we subtract the subleading contribution
expected from ν¯e, and divide by 4 to find the νx fluence
in each flavor – νµ, ντ , ν¯µ, and ν¯τ .
The range of available recoil energies maps to neutrino
energies in the range E = (25–73) MeV. The lowest
available energy is set by backgrounds, and is close to the
typical average neutrino energies expected. The higher
end goes well into the tail. The reconstructed νx fluence
in this energy range is shown in the top panel of Fig. 7
using the points for discrete energy bins, with their one-
sigma fluctuations shown with error bars. Although we
have shown here a reconstruction for mock data without
statistical fluctuations, we have separately checked that
a reconstruction for noisy data typically remains within
the shown error bars. In the inset, we show the region of
the neutrino spectrum that is being probed. Note that
the peak energies are somewhat lower than the average
energies, due to the asymmetric spectral shapes. We also
plot some alternate fluences – one with an average energy
energy 〈Eνx〉 = 21 MeV, one with a Maxwell-Boltzmann
spectrum with 〈Eνx〉 = 18 MeV, and one with a higher
total energy Eνx being 1.3 times the benchmark value, to
test the reconstruction.
The reconstructed spectrum shows that only the higher
part of the νx spectrum is probed, because νx energies
lower than ∼ 25 MeV are swamped by background. This
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is clearly a drawback of this channel. Notwithstanding
this, it must be emphasized that for determining non-
thermal features, the tail is in fact the most interesting
region of the spectrum [55]. The spectrum near the peak
does not depend as strongly on average energy, and would
not have significantly improved the ability to distinguish
between spectral parameters. Also, signatures of flavor
mixing in the signals, due to charged current events,
appear at the higher energy tails where the flavor spectra
of νe and ν¯e are most different from that of νx. Thus it
is quite important to be sensitive to the tail of the SN
neutrino energy spectrum.
The main advantage of this more general reconstruc-
tion is that we obtain a direct measurement of the νx
flavor spectra in the higher energy range. This data
is obtained without any fitting or parametrization of
the primary neutrino spectra, and can be used as an
independent measurement to compare with the high
energy νe or ν¯e spectra measured in charged current
interactions, to see if mixing occurs. Also, this provides
a model independent comparison with SN simulations.
Any departure for thermal spectra, or any unexpected
features, can be seen directly.
Note that knowledge of the distance to the supernova
is needed to correctly normalize the neutrino fluence.
However, it is not crucial for determining the average
energy, or for discovering nonthermal features. On the
other hand, for an accurate measurement of the total
energy, or for comparing with other flavors, the distance
must be determined by other means.
In the lower panel, we plot the residuals from the true
spectrum. With about 10 events in each bin, we expect
1/
√
10 ∼ 30% uncertainties in each bin. Our bins are
chosen to be wide enough to be almost uncorrelated. On
the other hand, when a parametric expression for the
spectrum is being tested, the statistical power in different
bins can combine and lead to smaller uncertainties of
about 1/
√
100 ∼ 10%. These are the capabilities of
a detector like KamLAND. If one combines the results
from multiple detectors, e.g., KamLAND, Borexino, and
SNO+, the uncertainties are 30% smaller.
The events in the tail have a lot of statistical power to
distinguish between models. In particular, the final data
point that is far out in the tail seems to be very powerful,
but it is also subject to larger systematic errors. This is
simply because the highest energy event decides the bin-
width of the last bin, and large Poisson fluctuations there
can lead to an wrong estimate of the average flux in that
bin. With actual data, the binning will need to make
optimal use of the available signal. We find that, even
after omitting the final bin, the alternate scenarios are
disfavored with ∆χ2 > 3.5.
Note that the reconstructed spectrum is not identical
to the true spectrum. This is due to biases in our
discretization. We evaluated the cross section in each
bin at the midpoint. Given that the differential cross
section has a term that varies as 1/E2 with E, it means
that we assumed a larger than effective cross section. On
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the other hand, the flux itself is falling exponentially in
E. Our prescription to calculate all quantities in a bin
at the mid-point has a bias for the largest sized bins.
For the SN signal, we find that the bias in our scheme
is within statistical uncertainty, as long as the binning is
not too crude. The bias can be reduced by considering a
properly weighted scheme, as opposed to the mid-point
scheme we have employed.
VI. CAPABILITIES OF A LARGER DETECTOR
In this section we discuss how the potential of this
channel increases if a larger scintillation detector is
built. To illustrate the potential, we choose LENA, a
proposal for a (50–100) kton scintillator detector as a
possibility [56, 57]. The number of free proton targets
is expected to be 3.3 × 1033, which corresponds to a
fiducial mass of 44 kton [58]. We assume the Birks
constant for the scintillator to be 0.010 cm/MeV, in the
ballpark of other scintillators. The energy resolution is
expected to be worse than smaller experiments, due to
more absorption in scintillator of the scintillated light,
and we assume ∆T ′/T ′ = 10%/
√
T ′. These values
are likely to be different in the future detector, but we
believe that our choices are conservative. Backgrounds at
LENA are not available yet, but LENA has solar neutrino
physics goals that are similar to Borexino , KamLAND,
and SNO+, so we expect that the region above 0.2 MeV
to be similarly background free for a SN burst. With
these assumptions, and our benchmark SN model, the
expected event rate at LENA is shown in Fig. 8.
We find approximately 5250 events, almost comparable
to the yield of ν¯e at Super-K for a similar SN burst. With
such a large number of events, we expect this data will
also allow for a time-dependent analysis. This may reveal
important time dependent variations in the νx emission
properties. These possibilities need to be investigated in
more detail, but we do not pursue them here.
Applying our reconstruction procedure to this data
from a LENA-type experiment will lead to extraordinary
results. One could opt for finer binning in energy, as
long as allowed by energy resolution, or simply much
smaller statistical uncertainties in each bin. We choose
the former option and, in Fig. 9, show a reconstruction
with 16 bins. With about 70 times larger statistics than
KamLAND, we get a precision of <∼ 5% in each bin.
Thus we expect spectral and luminosity parameters to
be determined to a precision of few %. Although biases
begin to become important, they remain manageable.
The statistical power is significantly better than what
can be achieved at present detectors, and would give
strong constraints on acceptable SN neutrino spectra,
once systematic uncertainties are under control.
VII. WHAT CAN WE LEARN?
The most important message is that the ν–p elastic
scattering channel is potentially accessible at already
available scintillator detectors, and the triggers required
to gather the relevant data must be put in place. Missing
out on this crucial piece of data would be a huge loss to
SN neutrino phenomenology.
The primary neutrino physics result from this mea-
surement would be a direct measurement of the νx
spectrum. This information complements the flavor
information available at water Cherenkov and liquid
Argon detectors. This would allow for easy comparison
between these detectors and one would be able to identify
the flavor exchanges in both the “disappearance” and
“appearance” channel, providing a complete picture.
A revealing aspect would be the relationship between
the observed νe, ν¯e, and νx spectra. First, one would
check if there are non-thermal features in the observed
spectra. If so, one would ask if the non-thermal features
appear at identical energies for different flavors. An
answer in the affirmative would reveal that flavor con-
versions are at the heart of this observed non-thermality.
This would reveal the pattern of flavor exchanges over the
observed energy range, shedding light on the unknown
neutrino parameters, i.e., sign(∆m2atm) and sin
2 θ13.
Additionally, this allows one to test the equipartition
hypothesis and compare with SN simulations.
This data would for the first time allow us to empiri-
cally test the claim that almost all the SN energy goes in
neutrinos. Only when we have detected all flavors can we
find the energy output in neutrinos and compare that to
the binding energy released by the star. Determination
of the binding energy will also be a useful diagnostic for
the proto-neutron star mass and radius, which relates to
the neutron star mass and radius [59–61]. The measured
νx spectrum is also a probe of nucleosynthesis [62–66].
Any oscillation into sterile neutrinos would be most
readily observable using this neutral current channel.
This will set stringent bounds on their masses and
mixing, through constraints on total energy loss and a
flavor composition in different detection channels.
It is important that all three experiments – Borexino,
KamLAND, and SNO+, be running and actively looking
for these events. The most obvious reason is to increase
statistics. However, having more than one detection
also allows for useful cross-calibration to rule out any
unexpected backgrounds. Additionally, a multi-detector
search makes it unlikely that this important signal would
be missed owing to down-time for a specific experiment.
Even the smallest of the considered experiments,
Borexino, is expected to see ∼ 27 events, and is capable
of measuring the total energy at about 20%. Combining
all three available detectors gives ∼ 204 events above
threshold, with ∼< 10% precision on total energy.
Average energies that are significantly larger ( ∼< 10%)
than our benchmark value would be easily distinguished
or constrained.
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The proposed large liquid scintillator detector LENA
could be extremely useful for this channel. At present,
its detector specifications are not yet certain. However,
with conservative estimates on the specifications, we find
that the prospects are promising. One can expect ∼ 5250
events, and few % level measurements of SN νx emission
parameters. This is almost comparable to what Super-
K can do for ν¯e. Clearly, such a significant detection in
multiple flavors will allow for meaningful comparison of
the data from these two detectors.
VIII. SUMMARY AND OUTLOOK
We have presented an updated calculation of the SN
neutrino signal due to elastic scattering on protons at
scintillator detectors. Using more realistic assumptions
on SN emission and detector properties than were used
in BFV, we find that the signal is observable at available
detectors. Additionally, we have demonstrated a simple
procedure to numerically reconstruct the νx spectrum
from the data, which will allow for new analyses and
probe different aspects of SN physics and astrophysics.
As a note for the future, we must remark that detec-
tors with lower quenching will lead to more promising
results. Another avenue for drastic improvement is if the
threshold can be lowered below the 14C background. This
may be possible through pulse shape discrimination [44].
That allows us to extend our range to lower neutrino
energies, increases the overall yield drastically, and may
allow reconstructing the SN spectral peak. Together, one
could hope for significantly better results than we have
outlined for already achieved experiments.
In conclusion, we exhort the experimentalists working
in the Borexino, KamLAND and SNO+ collaborations,
and on proposed detectors like LENA, to seriously
consider the physics impact of this channel and be
adequately prepared to acquire this data from a future
Galactic SN signal.
Acknowledgements
We thank Bruce Berger, Frank Calaprice, Mark Chen,
Christiano Galbiati, Greg Keefer, Ranjan Laha and es-
pecially Alvaro Chavarria, Brian Fujikawa, Chris Grant,
Andreas Piepke, Alex Wright, and Michael Wurm for
helpful discussions and comments on the manuscript.
J.F.B was supported by NSF CAREER Grant PHY-
0547102.
[1] K. Hirata et al. [Kamiokande-II Collaboration], “Ob-
servation of a Neutrino Burst from the Supernova SN
1987A,” Phys. Rev. Lett. 58 (1987) 1490.
[2] R. M. Bionta et al. [IMB Collaboration], “Observation
of a Neutrino Burst in Coincidence with Supernova SN
1987A in the Large Magellanic Cloud,” Phys. Rev. Lett.
58 (1987) 1494.
[3] B. Jegerlehner, F. Neubig, G. Raffelt, “Neutrino oscil-
lations and the supernova SN1987A signal,” Phys. Rev.
D54 (1996) 1194-1203. [arXiv:astro-ph/9601111].
[4] C. Lunardini, A. Y. Smirnov, “Neutrinos from
SN1987A: Flavor conversion and interpretation of
results,” Astropart. Phys. 21 (2004) 703-720.
[arXiv:hep-ph/0402128].
[5] H. Yuksel, J. F. Beacom, “Neutrino Spectrum from SN
1987A and from Cosmic Supernovae,” Phys. Rev. D76
(2007) 083007. [arXiv:astro-ph/0702613].
[6] G. Pagliaroli, F. Vissani, M. L. Costantini, A. Ianni,
“Improved analysis of SN1987A antineutrino events,”
Astropart. Phys. 31 (2009) 163-176. [arXiv:0810.0466
[astro-ph]].
[7] T. Fischer, S. C. Whitehouse, A. Mezzacappa, F.-
K. Thielemann, M. Liebendorfer, “Protoneutron star
evolution and the neutrino driven wind in general rel-
ativistic neutrino radiation hydrodynamics simulations,”
Astron. Astrophys. 517 (2010) A80. [arXiv:0908.1871
[astro-ph.HE]].
[8] L. Hudepohl, B. Muller, H.-T. Janka, A. Marek,
G. G. Raffelt, “Neutrino Signal of Electron-Capture
Supernovae from Core Collapse to Cooling,” Phys.
Rev. Lett. 104 (2010) 251101. [arXiv:0912.0260 [astro-
ph.SR]].
[9] T. D. Brandt, A. Burrows, C. D. Ott, E. Livne,
“Results From Core-Collapse Simulations with Multi-
Dimensional, Multi-Angle Neutrino Transport,” Astro-
phys. J. 728 (2011) 8. [arXiv:1009.4654 [astro-ph.HE]].
[10] H.-T. Janka, K. Langanke, A. Marek et al., “Theory of
Core-Collapse Supernovae,” Phys. Rept. 442 (2007) 38-
74. [arXiv:astro-ph/0612072].
[11] C. Cardall, “Supernova Modeling: Progress and Chal-
lenges,” Talk at Neutrino-2010, Athens. Slides at
http://tinyurl.com/Cardall-Neutrino-2010 .
[12] H. Duan, G. M. Fuller, J. Carlson, Y. -Z. Qian,
“Simulation of Coherent Non-Linear Neutrino Flavor
Transformation in the Supernova Environment. 1. Cor-
related Neutrino Trajectories,” Phys. Rev. D74 (2006)
105014. [arXiv:astro-ph/0606616].
[13] S. Hannestad, G. G. Raffelt, G. Sigl, Y. Y. Y. Wong,
“Self-induced conversion in dense neutrino gases: Pendu-
lum in flavour space,” Phys. Rev. D74 (2006) 105010.
[arXiv:astro-ph/0608695].
[14] G. G. Raffelt, A. Y. Smirnov, “Self-induced spectral
splits in supernova neutrino fluxes,” Phys. Rev. D76
(2007) 081301. [arXiv:0705.1830 [hep-ph]].
[15] A. Esteban-Pretel, S. Pastor, R. Tomas, G. G. Raffelt,
G. Sigl, “Decoherence in supernova neutrino transforma-
tions suppressed by deleptonization,” Phys. Rev. D76
(2007) 125018. [arXiv:0706.2498 [astro-ph]].
[16] G. L. Fogli, E. Lisi, A. Marrone, A. Mirizzi, “Collective
neutrino flavor transitions in supernovae and the role
of trajectory averaging,” JCAP 0712 (2007) 010.
[arXiv:0707.1998 [hep-ph]].
[17] B. Dasgupta, A. Dighe, “Collective three-flavor oscilla-
tions of supernova neutrinos,” Phys. Rev. D77 (2008)
13
113002. [arXiv:0712.3798 [hep-ph]].
[18] A. Esteban-Pretel, A. Mirizzi, S. Pastor, R. Tomas,
G. G. Raffelt, P. D. Serpico, G. Sigl, “Role of dense
matter in collective supernova neutrino transformations,”
Phys. Rev. D78 (2008) 085012. [arXiv:0807.0659 [astro-
ph]].
[19] B. Dasgupta, A. Dighe, G. G. Raffelt, A. Y. Smirnov,
“Multiple Spectral Splits of Supernova Neutrinos,” Phys.
Rev. Lett. 103 (2009) 051105. [arXiv:0904.3542 [hep-
ph]].
[20] S. Chakraborty, S. Choubey, S. Goswami, K. Kar,
“Collective Flavor Oscillations Of Supernova Neutrinos
and r-Process Nucleosynthesis,” JCAP 1006 (2010) 007.
[arXiv:0911.1218 [hep-ph]].
[21] B. Dasgupta, G. G. Raffelt, I. Tamborra, “Triggering
collective oscillations by three-flavor effects,” Phys. Rev.
D81 (2010) 073004. [arXiv:1001.5396 [hep-ph]].
[22] H. Duan, A. Friedland, “Self-induced suppression
of collective neutrino oscillations in a supernova,”
[arXiv:1006.2359 [hep-ph]].
[23] S. Choubey, B. Dasgupta, A. Dighe, A. Mirizzi, “Sig-
natures of collective and matter effects on supernova
neutrinos at large detectors,” [arXiv:1008.0308 [hep-ph]].
[24] A. Mirizzi, R. Tomas, “Multi-angle effects in self-induced
oscillations for different supernova neutrino fluxes,”
[arXiv:1012.1339 [hep-ph]].
[25] S. Galais, J. Kneller, C. Volpe, “The neutrino-neutrino
interaction effects in supernovae: the point of view from
the matter basis,” [arXiv:1102.1471 [astro-ph.SR]].
[26] H. Duan, G. M. Fuller, Y. -Z. Qian, “Collective Neutrino
Oscillations,” [arXiv:1001.2799 [hep-ph]].
[27] E. Kolbe, K. Langanke, S. Krewald et al., “Inelastic
neutrino scattering on C-12 and O-16 above the particle
emission threshold,” Nucl. Phys. A540 (1992) 599.
[28] K. Langanke, P. Vogel, E. Kolbe, “Signal for super-
nova muon-neutrino and tau-neutrino neutrinos in water
Cherenkov detectors,” Phys. Rev. Lett. 76 (1996) 2629-
2632. [arXiv:nucl-th/9511032].
[29] J. F. Beacom, W. M. Farr, P. Vogel, “Detection of su-
pernova neutrinos by neutrino proton elastic scattering,”
Phys. Rev.D66 (2002) 033001. [arXiv:hep-ph/0205220].
[30] C. Carbone, L. Verde, Y. Wang et al., “Neutrino con-
straints from future nearly all-sky spectroscopic galaxy
surveys,” [arXiv:1012.2868 [astro-ph.CO]].
[31] A. Bandyopadhyay et al. [ISS Physics Working Group
Collaboration], “Physics at a future Neutrino Factory
and super-beam facility,” Rept. Prog. Phys. 72 (2009)
106201. [arXiv:0710.4947 [hep-ph]].
[32] A. S. Dighe, A. Y. Smirnov, “Identifying the neu-
trino mass spectrum from the neutrino burst from
a supernova,” Phys. Rev. D62 (2000) 033007.
[arXiv:hep-ph/9907423].
[33] B. Dasgupta, A. Dighe, A. Mirizzi, “Identifying neutrino
mass hierarchy at extremely small theta(13) through
Earth matter effects in a supernova signal,” Phys. Rev.
Lett. 101 (2008) 171801. [arXiv:0802.1481 [hep-ph]].
[34] J. Gava, J. Kneller, C. Volpe et al., “A Dynamical
collective calculation of supernova neutrino signals,”
Phys. Rev. Lett. 103 (2009) 071101. [arXiv:0902.0317
[hep-ph]].
[35] M. T. Keil, G. G. Raffelt, H.-T. Janka, “Monte Carlo
study of supernova neutrino spectra formation,” Astro-
phys. J. 590 (2003) 971. [arXiv:astro-ph/0208035].
[36] S. Weinberg, “Effects of a neutral intermediate boson in
semileptonic processes,” Phys. Rev. D5 (1972) 1412.
[37] H. Bethe, “Theory of the passage of fast corpuscular rays
through matter,” Annalen Phys. 5 (1930) 325.
[38] K. Nakamura et al. [Particle Data Group Collaboration],
“Review of particle physics,” J. Phys. G G37 (2010)
075021.
[39] J. B. Birks, “Scintillations from Organic Crystals: Spe-
cific Fluorescence and Relative Response to Different
Radiations,” Proc. of the Phys. Soc. A 64 (1951) 874.
[40] C. N. Chou, “Saturation Effect of Plastic Scintillators,”
Phys. Rev. 87 (1952) 903.
[41] L. Cadonati, F. P. Calaprice, M. C. Chen, “Supernova
neutrino detection in borexino,” Astropart. Phys. 16
(2002) 361-372. [hep-ph/0012082].
[42] L. Miramonti, “Neutrinos and (anti)neutrinos from su-
pernovae and from the earth in the Borexino detector,”
[arXiv:hep-ex/0307029].
[43] G. Bellini et al. [Borexino collaboration], “Observation
of Geo-Neutrinos,” Phys. Lett. B687 (2010) 299.
[arXiv:1003.0284 [hep-ex]].
[44] G. Bellini et al. [Borexino Collaboration], “New experi-
mental limits on the Pauli forbidden transitions in C-12
nuclei obtained with 485 days Borexino data,” Phys. Rev.
C81 (2010) 034317. [arXiv:0911.0548 [hep-ex]].
[45] S. Wagner, Ph.D. thesis. Available at
http://www.mpi-hd.mpg.de/lin/papers.en.html.
[46] W. H. Robinson, W. Jentschke, “Response of Anthracene
Scintillation Crystals to Monoenergetic Soft X-Rays,”
Physical Review , 95 (1954) 1412.
[47] C. Arpesella et al. [Borexino Collaboration], “Direct
Measurement of the Be-7 Solar Neutrino Flux with 192
Days of Borexino Data,” Phys. Rev. Lett. 101 (2008)
091302. [arXiv:0805.3843 [astro-ph]].
[48] T. Araki et al. [KamLAND Collaboration], “Experimen-
tal investigation of geologically produced antineutrinos
with KamLAND,” Nature 436 (2005) 499.
[49] S. Yoshida et al., “Light output response of KamLAND
liquid scintillator for protons and C-12 nuclei,” Nucl.
Instrum. Meth. A622 (2010) 574.
[50] A. Piepke, C. Grant, Private communication.
[51] C. Grant, “The Status of KamLAND After Purification,”
APS Meeting Abstracts, (2010) 12007
[52] N. Tolich, “Status of the SNO+ experiment,”
Talk at NNN09, Colorado. Slides at
http://tinyurl.com/Tolich-NNN-2009.
[53] J. Maneira, “Status and prospects of SNO+,”
Talk at NOW-2010, Otranto. Slides at
http://tinyurl.com/Maneira-NOW-2010.
[54] I. J. D. Craig, J. C. Brown, “Inverse problems in
astronomy,” Adam Hilger, Ltd. (1986) ISBN 0-85274-
369-6.
[55] K. Langanke, G. Martinez-Pinedo, B. Muller, H.-
T. Janka, A. Marek, W. R. Hix, A. Juodagalvis,
J. M. Sampaio, “Effects of Inelastic Neutrino-Nucleus
Scattering on Supernova Dynamics and Radiated Neu-
trino Spectra,” Phys. Rev. Lett. 100 (2008) 011101.
[arXiv:0706.1687 [astro-ph]].
[56] J. Winter, Diploma thesis. Available at
www.e15.physik.tu-muenchen.de/
research and projects/lena/
[57] M. Wurm et al., “The Physics Potential of the LENA
Detector,” Acta Phys. Polon. B41 (2010) 1749.
[arXiv:1004.3474 [physics.ins-det]].
[58] M. Wurm, Private communication.
14
[59] C. J. Horowitz, J. Piekarewicz, “Neutron star structure
and the neutron radius of Pb-208,” Phys. Rev. Lett. 86
(2001) 5647. [astro-ph/0010227].
[60] D. Page, S. Reddy, “Dense Matter in Compact
Stars: Theoretical Developments and Observational
Constraints,” Ann. Rev. Nucl. Part. Sci. 56 (2006) 327-
374. [astro-ph/0608360].
[61] J. M. Lattimer, M. Prakash, “Neutron Star Observations:
Prognosis for Equation of State Constraints,” Phys.
Rept. 442 (2007) 109-165. [astro-ph/0612440].
[62] S. E. Woosley, W. C. Haxton, “Supernova Neutrinos,
Neutral Currents And The Origin Of Fluorine,” Nature
334 (1988) 45-47.
[63] J. Fetter, G. C. McLaughlin, A. B. Balantekin,
G. M. Fuller, “Active sterile neutrino conversion:
Consequences for the r process and supernova neu-
trino detection,” Astropart. Phys. 18 (2003) 433-448.
[hep-ph/0205029].
[64] A. Heger, E. Kolbe, W. C. Haxton, K. Langanke,
G. Martinez-Pinedo, S. E. Woosley, “Neutrino nu-
cleosynthesis,” Phys. Lett. B606 (2005) 258-264.
[arXiv:astro-ph/0307546].
[65] T. Yoshida, T. Kajino, D. H. Hartmann, “Constraining
the spectrum of supernova neutrinos from neutrino-
process-induced light-element synthesis,” Phys. Rev.
Lett. 94 (2005) 231101. [arXiv:astro-ph/0505043].
[66] S. M. Austin, A. Heger, C. Tur, “11B and Constraints
on Neutrino Oscillations and Spectra from Neutrino
Nucleosynthesis,”
[arXiv:1102.4858 [nucl-th]].
